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Abstract A nanocrystalline TiO2 was successfully syn-
thesized using simple aqueous peroxo route and subse-
quently the surface characterization of TiO2 was carried
out using X-ray diffraction and Scanning electron micros-
copy. The synthesized nanocrystalline TiO2 successfully
decomposed the aqueous remazol brown dye solution
under UV light irradiation with and without ozone. The
effects of pH, TiO2 dose and irradiation time for decom-
position of dye solution were also evaluated. The maxi-
mum dye decomposition efficiency of 96.6 % was
achieved with the minimal time of 45 min by UV/TiO2/O3
treatment. The present study clearly indicates that the
peroxo route TiO2 nanoparticle is a promising material for
industrial waste water treatment.
Keywords Nanocrystalline  Titanium dioxide 
Photocatalysis  Remazol brown dye
Introduction
Wastewater pollution is one of the major problems in the
textile industry and other industries such as thermal power
plants, leather, plastics, cosmetics, steel, engineering, pulp
and paper, sugar, fertilizer and food industries. A lot of
research work is going on to mitigate/solve the water
pollution problem. Various methods have been developed
for waste water treatment such as physical treatment
[sedimentation (Fiola and Luce 1998), equalization, seg-
regation and filtration], physico-chemical treatment
[Chemical coagulation/flocculation (Schulze-Rettmer
1998), ion exchange, adsorption (Papic et al. 2000),
chemical oxidation using ozone, chemical oxidation using
hydrogen peroxide], biological treatment [aerobic treat-
ment, anaerobic treatment]. All these techniques are useful;
however, they are producing some secondary waste pro-
ducts which required further treatment (Zhou and Smith
2002; Baban et al. 2003). Alternatively, the photocatalytic
oxidation process to oxidize the organic pollutants in
wastewater with free radicals has been attracting a tre-
mendous interest among the researchers. Photocatalytic
oxidation process with metal oxides is one of the promising
techniques to break down the organic pollutants. Among
the metal oxides, TiO2 is one of the most attractive and
capable candidates for degradation of waste water from
many industries (Kawahara et al. 2007; Kawahara et al.
2007; Matsui et al. 2007; Matsui et al. 2007, 2009; Ka-
ruppuchamy and Ito 2008; Neppolian et al. 2002; So¨kmen
and O¨zkan 2002; Muruganandham and Swaminathan
2004). Nanostructured TiO2-based photocatalytic process
attracts due to its several advantages such as a high
refraction index, biocompatibility, corrosion resistance,
low cost, availability, and non-toxic. A number of methods
were proposed to prepare nanostructure TiO2 including
microwave irradiation, chemical vapor deposition, spray
pyrolysis, electrochemical deposition and sol–gel method.
For the industrial applications, TiO2 nanoparticles could be
synthesized from a solution of either titanium salts or
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titanium alkoxides. TiOSO4 is particularly appealing as a
raw material of TiO2 owing to its low cost. A major portion
of commercial TiO2 particles is currently produced by
neutralization of TiOSO4 aqueous solutions followed by
the annealing of the precipitates. Amorphous titanium
hydrous oxide with micrometer-sized particles has also
been produced using TiOSO4 and urea. However, the
particles synthesized in the above conventional ways are
not suitable for many applications because of the very low
surface area. The objective of this piece of work is to
develop the novel synthetic route to fabricate nanostruc-
tured TiO2 (Tang and Chen 2004; Meric et al. 2004; Akyol
et al. 2004; Chin 2005; Muruganandham et al. 2006;
Kansal et al. 2007). The present paper is dedicated to report
the synthesis, structural characterization and photocatalytic
investigations of the nanostructured TiO2.
Materials and methods
Preparation and characterization of TiO2 nanoparticles
Chemicals were purchased from commercial sources. They
were used without further purification. Doubly distilled
water and ion exchanged water were used in all the exper-
iments. TiO2 nanoparticles were prepared from aqueous
peroxo-titanium solution that has been described elsewhere
(Kauppuchamy and Jeong 2006). In brief, Titanium oxy
sulphate (TiOSO4.5H2O) was dissolved in water at room
temperature and then H2O2 was added into this solution at
various concentrations. A yellow colored solution was
immediately obtained, which confirms the formation of
peroxo complex of Titanium solution. This yellow colored
peroxo-titanium solution produces a water insoluble yellow
gel, titanium oxy-hydroxide after keeping at room temper-
ature for few hours. Then, the yellow gel was separated by
centrifugation and dried overnight in the oven. Finally, the
dried yellow powder was calcined in air at different tem-
peratures. The calcined powder was analyzed by an X-ray
diffractometer (RIGAKU RAD-2R) with CuKa radiation.
The particle shape and morphology was observed using
field emission-SEM (FE-SEM HITTACHI S-4300Se/N).
Photocatalytic measurements
Remazol brown is a Double Azo Vinyl sulphone dye. It can
also be called as Reactive Brown 18. Remazol brown dye
is a reactive dye that was used without further purification.
But the structure and molecular weight of the dye was not
yet declared. It is a brown powder, soluble in water,
extremely soluble in ethanol. Dye solution was prepared by
dissolving requisite quantity of dye in double distilled
water with a concentration of 1,000 ppm. The pH is an
essential factor to be predictable in each and every phase of
wastewater treatment. The pH of the dye solution was
adjusted with 1 M HCl or 1 M NaOH. A UV–VIS Spec-
trophotometer (ELICO-BL198 double-beam biospectro-
photometer) was used to determine the decolourization
rate. Oxidation experiments were carried out in the
100–150 ml-capacity photo-reactor as shown in Fig. 1 (UV
Photo Reactor System HEBER model: HPSLIV16254),
which was operated in batch mode. The reactor was pro-
vided with a water jacket, made of quartz, and equipped
with a medium pressure mercury vapor lamp emitting in
the 254 nm range (power of 16 W UV lamp—Philips).
Constant stirring of the solution was ensured using mag-
netic stirrers. The dye solution and catalyst placed in the
photo-reactor were stirred thoroughly. After the photocat-
alytic treatment, samples were centrifuged and analyzed
for the concentration of remazol brown dye solution using
computer software attached to UV–Vis Spectrophotometer
(Khataee et al. 2009; Alaton et al. 2008; Khataee et al.
2009; Hussein and Abass 2010; Lomora and Draghici
2011; Ehrampoush et al. 2011). Decolourization of dye
solution was tested at different time intervals (15 min) by
UV–vis spectrophotometer and the decomposition effi-
ciency was recorded. The following equation was used to
calculate the decomposition efficiency of the dye solution.
g% ¼ ðabs0  abstÞ100 =abs0
where, abs0 and abst are the absorbance of the dye in
solution at the beginning of the experiment and at the time
t, respectively.
Fig. 1 Immersion-type photo-reactor
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Results and discussion
Characterization of the prepared materials
The X-ray diffraction pattern (XRD) of the as-prepared
TiO2 and heat-treated powders is shown in Fig. 2. The Ti-
oxy-hydroxide obtained from simple aqueous peroxo route
was further heated at various temperatures to obtain crys-
talline materials. Pattern (a) (b) and (c) in Fig. 2 shows the
characteristic peaks of the as-prepared and heated TiO2
powders. The as-prepared powder was amorphous, while
the powder calcined at 300 and 450 C was crystalline. The
broader peaks in XRD pattern (b) suggest the possibility of
low degree of crystallinity. In pattern (c), the more sharp-
ness of the peak was obtained which indicates the increase
of particle size due to the effect of calcinations. Further, to
investigate the effect of calcination temperature on the
crystallite growth, the crystallite size was calculated using
the Scherrer’s equation. Indeed, it has been found that there
was an increase in crystallite size with increase of calci-
nation temperature. A crystallite size of 27 and 39 nm were
determined from the FWHM of the (101) peak of the
anatase for the heat-treated samples at 300 and 450 C,
respectively. Figure 3 presents the typical scanning elec-
tron microscope images of the as-prepared titanium dioxide
powder (a) and calcined TiO2 powders (b) and (c). It
reveals the morphological homogeneity with the grain size
falling mostly in submicron range. Careful observation of
SEM pictures clearly evinces that each grain is made up
with an aggregation of (nanometer size) very small crys-
tallites. There is a considerable difference seen between the
SEM images (Fig. 3a–c). The as-prepared powder consists
of non-porous aggregates which are made up of tiny
crystallites. However, when the powder was calcined at
300 and 450 C, the crystallite size and the porosity were
also increased. The increase of crystallite size may be due
to the effect of heat treatment. The estimated crystallite
size of the calcined samples also supports the crystallite
growth of the samples by thermal annealing. To investigate
the composition of the prepared TiO2 powder, EDX ana-
lysis was also carried out for the powder samples heated at
450 C. The EDX analysis shows that all the samples
contain only titanium and oxygen elements and there was
no impurity in the samples.
Photocatalytic measurements
Effect of pH
The photocatalytic ability of the synthesized TiO2 was
examined. The pH is one of the most important operating
factors in photocatalytic aquatic system that affects the
charge of the catalyst particles and also the locations of
conductance and valence bands of the catalyst. Due to the
nature of TiO2 catalyst used, several variations in the
functioning of pH are known to disturb the isoelectric point
or the external charge of the photocatalysts (Saggioro et al.
2011; Joshi and Shrivastava 2011; Giwa et al. 2012; Shah
et al. 2013; Ananthashankar and Ghaly 2013; Ankita et al.
2013; Yi et al. 2013; Albu 2007; Ananthashankar and
Ghaly 2013). The comparative experiments were per-
formed at three different pH values such as 3, 7 and 11 to
decompose remazol brown dye wastewater. The samples
were taken from the reactor at predetermined time intervals
(15 min) and subsequently analyzed their color. The
obtained results related to color are demonstrated in Fig. 4.
The pH of the dye very much influences the decomposition
reaction and the highest decomposition efficiency of dye
was achieved at pH 3. Besides, lower decomposition effi-
ciency of dye was observed at pH 7 and 11 (Fig. 4). The
decolorization reaction rate of dye was slightly faster for
first 15 min invariably at all pH. This may be an indicator
for a predominant direct oxidation pathway over radical
reactions. The dye decomposition mechanism with nano-
crystalline TiO2 may be considered in three different
phases with different rates, such as swift discolorization in
Fig. 2 X-ray diffractograms of
TiO2 powder a as-deposited and
heated at b 300 and c 450 C for
1 h in air
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the first phase, then slower discolorization in the second
phase, and no significant dye decomposition in the third
phase. The surface of TiO2 has a positive charge in acidic
media, so there is an electrostatic absorption between
positive charge surfaces of TiO2 and the dye.
Effect of TiO2 loading
The required concentration of TiO2 for the decolourization
of a 1,000 ppm remazol brown dye solution was scruti-
nized with the slurry method by varying the quantities of
TiO2 (0.3, 0.4 and 0.5 g) and the pH was maintained at 3
throughout out the experiment. It should be indicated that
the decomposition efficiency of dye solution is high at pH
3. The higher dye decomposition efficiency was reported
with increasing TiO2 dose, due to the presence of highest
active site for the attack of heavier molecule by the for-
mation of active hydroxyl radicals (Figs. 5, 6). It is inter-
esting to note that the dye was almost completely absorbed
when the concentration of TiO2 was increased to 0.5 g.
This observation clearly demonstrates that an increase in
the amount of catalyst to the consistent level with the
optimized level of light absorption increases the amount of
decolourization (Sˇı´ma and Hasal 2013; Marathe and
Shrivastava 2013). Thus, any further increase of the
amount of the catalyst does not have any effect on the
photodegradation efficiency.
Comparative study
The effect of semiconductor catalyst on the photocatalytic
decomposition efficiency of remazol brown dye was stud-
ied in the presence and absence of ozone. The initial
concentration of the dye was fixed as 1,000 ppm and the
complete treatment process was carried out at pH 3. Fig-
ures 5 and 6 show the effect of UV/TiO2 in the presence
and absence of ozone. At all doses, ozonation reaction was
carried out for a period of 120 min and the samples were
taken from the reactor at predetermined time intervals
(15 min) and analyzed for their decomposition efficiency.
It is evident from the Fig. 7 that a combined treatment
enhances the dye decomposition efficiency due to the
synergetic effect of formation of hydroxyl radical and
hence the mineralization is also enhanced in the treatment
process. The preferential attack of ozone molecule on the
unsaturated bond of dye chromophores may also be one of
the influential factors for the decomposition of dye
molecules.
Conclusions
Nanocrystalline TiO2 was successfully synthesized using
simple aqueous peroxo route. The newly synthesized
nanocrystalline TiO2 successfully decomposed the aqueous
remazol brown dye solution under UV light irradiation.
The maximum dye decomposition efficiency of 96.6 %
was achieved with the minimal time of 45 min by UV/
TiO2/O3 treatment and to achieve the same decomposition
efficiency by UV/TiO2 required more time. Thus, it can be
concluded that the ozonation of dyeing system employed in
Fig. 3 SEM photograph of the TiO2 powder a as-deposited and annealed at b 300 c 450 C for 1 h in air
Fig. 4 Photocatalytic decolourization of remazol brown dye in the
presence of UV and TiO2 with different pH at different time intervals
of irradiation (Rotation speed = 1,000 rpm, initial concentration of
the dye = 1,000 ppm)
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the presence of UV and semiconductor catalyst has higher
potential to decolourize the textile dyes and is recom-
mended for real-time textile effluent treatment system.
Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
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